Since reirradiation in recurrent head and neck patients is limited by previous treatment, a marked reduction of maximum doses to spinal cord and brain stem was investigated in the initial irradiation of stage III/IV head and neck cancers. Eighteen patients were planned by simultaneous integrated boost, prescribing 69.3 Gy to PTV1 and 56.1 Gy to PTV2. Nine 6 MV coplanar photon beams at equispaced gantry angles were chosen for each patient.
the most aggressive chemoradiation approaches remains poor. (5, 6) Even after multimodal treatment local and locoregional recurrence remains the cause of poor survival statistics. Patients treated with chemoradiation can relapse with three classic determining factors of outcome after radiotherapy: intrinsic radiosensitivity, hypoxia, and repopulation rate. (2, 7) Moreover, multiple retrospective analyses have indeed indicated that HPV-associated tumors are more sensitive to chemoradiotherapy than nontransformed tumors, and the prognostic value of HPV status is now well-established. (8) Surgical salvage for resectable disease is the standard treatment for recurrent or second primary head and neck cancers, but it can be performed in 25% of the patients only. For inoperable patients, three options can be discussed: supportive care only, chemotherapy, or radiotherapy with or without chemotherapy. (9) Definitive reirradiation is an established approach for patients with recurrent disease who are medically or technically inoperable or for patients who decline radical surgery due to quality-of-life considerations. (7) In addition, reirradiation is a candidate to become a more common practice in the patients who undergo salvage surgery. In fact, in these patients the rate of locoregional failure is as high as 50%, (10) and even patients who undergo complete resection of recurrent disease with negative margins have a high risk of local failure. (11) Accordingly, a randomized trial (10) and a single-institution experience (12) found improved local control and overall survival in patients undergoing reirradiation for recurrent head and neck cancer. It has been argued that both chemo-reirradiation after salvage surgery and close observation with delayed chemo-reirradiation are justifiable. (13) Since recurrent and second primary tumors commonly arise within or in close proximity to previously irradiated fields, the radiation tolerance of normal tissue makes reirradiation technically challenging and frequently more toxic than the initial course. (14) These patients have a poor prognosis to a large extent because the initial course of treatment substantially reduces the flexibility and the intensity of retreatment. (15) One unexplored possibility is the preventive reduction, in the initial irradiation, of the dose to the organs at risk (OAR), which could limit the successive reirradiation. In fact, lifetime clinically acceptable dose is considered one of the main limiting factors in the reirradiation of recurrent patients.
In the recent reports using IMRT in the reirradiation setting, (15, 16, 17, 18, 19, 20) the primary avoidance structures were spinal cord and brain stem. In these studies, the primary goals of inverse planning were to ensure homogeneous PTV coverage limiting the additional spinal cord/brain stem doses to 10-15 Gy or their lifetime doses to 55-60 Gy. Accordingly, radiobiological research indicates that the dose for 5% myelopathy is 59.3 Gy. (21) Moreover, data in animals and humans suggest partial repair of radiation induced subclinical damage; when the interval between the two irradiation courses was as least two month, few cases of myelopathy were reported despite large cumulative doses, with essentially no cases of myelopathy observed for cumulative doses ≤ 60 Gy in 2 Gy equivalent doses (QUANTEC initiative (22) ).
In the present study, we have investigated the relationships between a marked reduction of spinal cord and brain stem maximum doses and the corresponding changes on dose distributions. The consequences of such marked dose reduction were analyzed in the initial irradiation of 18 patients affected by locally advanced head and neck cancer planned by simultaneous integrated boost (SIB) intensity-modulated radiotherapy (IMRT). In particular, our analysis focused on: i) the changes in target coverage, ii) the changes in dose conformity, and iii) the changes in the other OARs.
II. MAtErIALS And MEtHodS

A. Subjects and volume delineation
Eighteen consecutive patients with locally advanced (stage III/IV) head and neck cancer were investigated. Tumor localization and disease stage are reported in Table 1 . All the patients were planned for definitive radiotherapy concurrent with chemotherapy.
The gross tumor volume extent (GTV) has been identified on contrast-enhanced CT. A high risk clinical target volume (CTV1), containing the GTVs plus a margin of at least 5 mm, was delineated to account for microscopic disease spread. A low risk CTV2 was delineated to include the prophylactically treated neck. The corresponding PTV1 and PTV2 were obtained expanding the CTVs by 5 mm, and then trimmed to 5 mm away from the patient's surface. Smaller PTVs (PTV1 3mm and PTV2 3mm ) were obtained using a 3 mm expansion from CTVs.
The following OARs were contoured on simulation CT: spinal cord, brain stem, parotids, mandible, thyroid, oral mucosa, constrictor muscles, and larynx. When the OARs were completely included in the PTVs (the larynx in patient #2 and #14), they were not contoured. A planning organ-at-risk volume (PRV) was defined for spinal cord and brain stem, expanding the corresponding OAR by both 3 mm and 5 mm.
B. Standard treatment planning
All the patients were retrospectively planned by SIB IMRT, prescribing 69.3 Gy in 33 fractions to PTV1 and 56.1 Gy to PTV2. Treatment planning was performed by Pinnacle (release 8.0; Philips Medical System, Andover, MA). Nine 6 MV coplanar photon beams at equispaced gantry angles were chosen for each patient, as in the study by Wu et al. (23) This improves the plan quality, considering that our multileaf collimator had a leaf width of 10 mm. (24) Step and shoot IMRT was calculated by direct machine parameter optimization (DMPO), with 4 cm 2 minimum segment areas and with segment weights limited to 4 MUs. The maximum number of segments was limited to 80, considering that other authors reported that, for more complex cases, a dosimetric gain can be achieved by increasing the number of apertures per beam direction, but only modest improvements were observed beyond nine apertures per beam direction. (25) The initial objectives applied on PTVs and OARs during IMRT optimization are reported in Table 2 , together with two additional objectives applied to control dose conformity (last two rows in Table 2 ). In the first calculation, the weights were set equal to 50 for PTVs, equal to 100 for spinal cord and brain stem, and equal to 1 for the other OARs. The calculation was then repeated four to five times, manually changing the weights and the doses of the objectives until a satisfactory dose distribution was obtained as a compromise between PTVs coverage and OARs sparing. c. Sparing treatment plans After the standard plan was calculated, a second plan (moderate-sparing plan) was obtained, changing only the objectives of spinal cord and of brain stem, to obtain a moderate sparing but leaving the other objectives/weights optimized in the standard plan unchanged (Table 2) . A third plan (marked-sparing plan) was obtained by reducing the maximum dose objectives of spinal cord and of brain stem to 26.5 and 31.5 Gy, respectively (Table 2) . These values were chosen considering that median cumulative maximum doses of 53 Gy to the spinal cord and 63 Gy to the brain stem did not produced late toxicity in a recent study. (26) Limiting the dose in the initial irradiation to around half of these values would produce the same limitation to any potential reirradiation.
Finally, a fourth plan (low-conformity plan) was obtained by allowing a decrease in dose conformity when sparing the dose to spinal cord and to brain stem. This was obtained by setting weight = 1 to the two objectives applied to control dose conformity ( Table 2 ).
d. Plan evaluation
In each patient, the four treatment plans were compared by the following metrics: maximum doses to spinal cord, brain stem and to their PRVs, mean doses to parotids, mandible, thyroid, oral mucosa, constrictor muscles, larynx, PTV1 95% (percentage of PTV1 receiving at least 95% of its prescribed dose), and PTV2 95% . The 95% coverage was also assessed on PTV1 3mm and on PTV2 3mm . Two conformity indexes (CI) were defined as the ratio of PTV1 (CI PTV1 ) or PTV2 (CI PTV2 ) covered by 95% isodose line divided by total tissue volume covered by that isodose line. Finally, the total monitor units (MU) were compared to assess the eventual increase in treatment complexity.
For each parameter comparison, statistical significance was calculated by paired Wilcoxon test.
III. rESuLtS
In each inverse plan the number of segments resulted equal to the maximum allowable (80 segments). The comparison of the standard plan versus the three sparing plans is reported in Table 3 and Fig. 1 . (1) a Optimized are the values and weights obtained in the optimization of the standard plan, when the calculation was repeated 4-5 times, manually changing the weights and the doses of the objectives. These values were no more changed in the other plans. b PTV2-1 was defined as the region formed by PTV2 from which PTV1 was subtracted.
In the standard plan, the maximum doses to spinal cord and brain stem (43.5 ± 2.2 Gy and 36.7 ± 14.0 Gy respectively) satisfied commonly recommended values (maximum dose to spinal cord ≤ 45 Gy and maximum dose to brain steam ≤ 50 Gy), and the dose to their PRVs, obtained by isotropic 3 mm expansion, did not exceed 50 and 54 Gy, respectively. The maximum doses on PRV obtained by 5 mm expansion were 3-4 Gy greater. The average maximum dose on the brain stem was smaller, since in some patients the position of the targets was distant from brain stem. In each patient, a marked significant reduction was obtained in the sparing plans. The average difference of maximum dose were around -16 Gy to spinal cord and around -10 Gy to brain stem in both marked-sparing and low-conformity plans, which provided comparable sparing. The average difference in moderate-sparing plan was obviously smaller (around -7 and -4 Gy), due to the higher doses applied to the objectives.
In the standard plan, PTV1 95% and PTV2 95% were always > 95%. In the moderate-sparing plan, a small significant difference was observed in PTV1 95% (-0.5% ± 0.6%) and only very small difference in PTV2 95% (-0.2% ± 0.2%). Greater significant differences were observed in PTV1 95% (-1.2% ± 0.8%) and PTV2 95% (-0.6% ± 0.4%) in the marked-sparing plan. In the low-conformity plan, no significant difference was observed in PTV1 95% and only a very small difference in PTV2 95% (-0.3% ± 0.3% from the initial 98.3% ± 0.8% in the standard plan). In all plans, using an expansion of 3 mm to delineate the PTVs, the average PTV1 95% and PTV2 95% were around 99%.
In the low-conformity plan, the improved target coverage was obtained at the expense of a significant decrease in both CI PTV1 and CI PTV2 . Due to the different isodoses used for their computation (65.8 Gy and 53.3 Gy, respectively), CI PTV1 was always greater than CI PTV2 (e.g., 0.89 ± 0.04 versus 0.65 ± 0.03 in standard plan).
The effect of varying spinal cord/brain stem and conformality objectives in the four plans is clearly shown in Fig. 1 , where each patient values are reported. The dose sparing on spinal cord and brain stem produced a worsening on target coverage from standard to marked-sparing plan, whereas in low-conformity plan the PTV1 coverage returned similar to standard plan. In seven patients, the PTV1 95% was lower than 95% in marked-sparing plan, but always > 95% in low-conformity plan. In each patient and in all plans the PTV2 95% was greater than 95%, and the relative differences between standard and low-conformity plans were smaller than the interpatient differences. Figure 1 also shows the decreases in CI in each patient in lowconformity plan.
The mean changes on all the other OARs were not significant (Table 3) . Any small differences occurring in some patients was much smaller than interpatients variability (see, for example, the left parotid reported in Fig. 1 ), as also demonstrated be the standard deviations reported in Table 3 . It was not always possible to satisfy the objective during optimization, as the values were often above the recommended values. Depending on the side of PTV1, in some patient the parotids were asymmetrically spared (Fig. 1) .
The dose sparing from standard to low-conformity plan produced an increase in plan complexity, as evidenced by the increase in MUs, which was significant on marked-sparing and low-conformity plans (Table 3) . On average, the MU increase was around 10% in low-conformity plan with respect to standard plan, but also in this case the interplans differences were much smaller than interpatients differences (Fig. 1) . Fig. 1 . Bar graphs of the 18 patients; for each patient, a group of four bars is reported, which represent the four plans: standard plan (black bars), moderate-sparing plan (dark gray bars), marked-sparing plan (bright gray bars), and lowconformity plan (white bars). Maximum doses are reported for spinal cord and brain stem, and mean-dose are reported for the left parotid. The horizontal lines in the graph of spinal cord and brain stem represent the objective values utilized during optimization of marked-sparing and low-conformity plan, and in the other graphs they represent the recommended values. Since the OAR experienced no significant change across the four plans they were not reported. The left parotid is reported as an example to show interpatient variability.
As an example, the dose-volume histograms of patient #12 are reported in Fig. 2 . A clear marked reduction was visible in spinal cord and brain stem, whereas the differences in PTVs were small (Figs. 2(a)-(b) ). The corresponding changes in the other OARs were negligible (Fig.  2(c) ). The isodoses on axial slices of patient #3 are reported in Fig. 3 . The 30 Gy isodose clearly showed the sparing in marked-sparing and low-conformity plans with respect to standard plan. In agreement with the reduced CI, the 53.3 Gy isodose resulted enlarged in low-conformity plan (Fig. 3(d) ). 
IV. dIScuSSIon
Many approaches have been tried in order to reduce the rate of locoregional relapse and improve the poor response in locally advanced head and neck cancer. Dose escalation to the target, reducing the field margin while keeping the dose to OARs unchanged, is one of the possible techniques. (27, 28) Unfortunately, improved outcomes driven by dose intensification can be accompanied by an increase in acute and late toxicities, which can affect social and functional outcomes. (29) Altered fractionation using hyperfractionated schemes is another approach. A large meta-analysis of 15 randomized trials indicated that altered fractionation schedules increased overall survival and locoregional control in patients receiving definitive radiation alone. (30) However, tumor control is gained at the expense of increased toxicity, which may in turn interfere with compliance and timely treatment delivery. It follows that, in the current standard of treatment, the rate of locoregional relapse could remain high, and reirradiation is candidate to become a common practice, at least in highly recurrent tumors.
Since the application of lower dose constraints to spinal cord and brain stem in the initial irradiation might facilitate reirradiation, it might result helpful in a considerable number of patients. The maximal dose on spinal cord and brain stem data reported in previous studies on the initial head and neck irradiation planned by IMRT are variable, depending also on the location and extension of the target volumes. The Report No. 83 of the International Commission on Radiation Units and Measurements (ICRU) recommended a maximum dose to spinal cord < 48 Gy, but usually the doses reported in the literature were well below this value. In Widesott et al., (31) for example, the reported maximum doses to spinal cord were 36.5 ± 0.6 Gy and 32.0 ± 3.4 Gy, for tomotherapy and protontherapy, respectively.
In our study, a moderate difference (around -7 Gy) in the spinal cord was obtained from the initial values obtained in the standard plan (43.5 ± 2.2 Gy), without compromising the sparing of the other OARS or dose conformity, and slightly affecting the coverage of PTVs. As expected, the maximum doses to PRVs were higher, particularly to PRV 5mm . However, the 3 mm margin was more consistent with the 5 mm margin of PTVs, considering that a smaller margin is usually applied to obtain the PRV with respect to PTV. (32) Furthermore, the application of daily image-guided can reduce the margin required to account for interfraction movements. (33) However, such doses to spinal cord could still potentially limit reirradiation. Lower doses (e.g., < 30 Gy) might be necessary to allow a more flexible reirradiation in recurrent patients, which might focus on reducing, as much as possible, the risk of developing the adverse effects not related to neuropathy (e.g., fistulae, carotid rupture, osteoradionecrosis, and soft tissue necrosis).
We explored the effect of a marked reduction in two different scenarios: compromising target coverage and compromising dose conformity. In the first scenario, the marked dose sparing on spinal cord and brain stem (around -16 and -10 Gy, respectively) was obtained at the expense of a small but significant worsening on dose distribution at the margin of the targets. Some caution should be used analyzing the difference on PTV1 95% , at least in some patients. In fact, after initial irradiation by IMRT, recurrent and second primary tumors can arise in close proximity to previously irradiated fields. However, the majority of recurrences occur within high dose regions, (34) and recent data demonstrate the safety of PTV reduction of less than 5 mm in the setting of daily image-guided positioning. (35) In our study, the coverage of the PTVs obtained by an expansion of 3 mm resulted very high and the reduction due to spinal cord and brain stem sparing resulted negligible. It can be concluded that only the coverage of the PTVs obtained by a 5 mm margin was affected by preventive sparing. In the second scenario, a similar marked sparing on spinal cord and brain stem was obtained accepting worse dose conformity, but without significant changes on PTV1 95% and with only negligible decrease in PTV2 95% .
Considerably, in all the sparing plans, the dose reduction on spinal cord and brain stem were obtained without significant changes on the other OARs. The exploration of preventive sparing on other OARs (e.g., the parotids and the mandible) was beyond the purpose of the present study. The other OARs had major impact in limiting the dose to the PTVs, particularly when they partially overlapped with the PTVs. Accordingly, in our patients, the dose the other OARs were often above the recommended values, and usually they are already optimized to the minimum achievable dose in the initial irradiation.
The sparing procedure is not expected to affect treatment deliverability. The entire standard and the sparing plans were planned by DMPO using a fixed number of segments. It was previously reported that in head and neck treatment, the DMPO plans required fewer MU (around 42%) and fewer segments than conventional optimization methods, (36) which translated directly into a decrease in treatment times. In our DMPO optimization, even the significant increase in MU we observed in the sparing plan (around 10%) was smaller than interpatient variability. Such increase was not expected to substantially improve plan complexity.
Finally, our results did not seem to depend on tumor site. Even if in most of the 18 consecutive patients the PTV1 was located in the oropharynx, a similar sparing was obtained also in the other sites. Despite this, such approach would be beneficial only in the patients with worse prognostic factors. Subgroup of patients has to be identified as best candidates, depending on tumor stage, grade, and site. As an example, considering that the results in carcinomas of the larynx and the hypopharynx using the most aggressive chemoradiation approaches remained poor, our results suggest that, in most of these patients, a preventive sparing should be recommended to make potential reirradiation safer.
V. concLuSIonS
Radiotherapy for head and neck tumor recurrences or second primary cancers in irradiated tissue is an attractive therapeutic option. In order to improve the healthy tissues tolerance, a preventive sparing could be adopted by lowering OARs doses during the first course of irradiation. Our study demonstrated that, in head and neck IMRT, the typical suggested doses to spinal cord and brain steam may produce suboptimal dose distributions, since it is often possible to obtain a moderate, but significant, dose reduction in different tumor sites. A marked reduction can be obtained without worsening the dose to the other OARs, but at the expense of a small compromise on target coverage or at the expense of a decrease in dose conformity. The reported information can help radiation oncologists in their practice to select the better approach to make potential reirradiation safer.
Guidelines for initial irradiation should always recommend the preventive optimization to the minimum achievable levels. In particular, a preventive sparing should be recommended in locally advanced highly recurrent cancer, such as the carcinomas of the larynx and the hypopharynx, since in these patients there is a high probability of benefiting by successive reirradiation.
rEFErEncES
